T-box genes have diverse functions during embryogenesis and are implicated in several human congenital disorders. Here, we report the identification, sequence analysis, and developmental expression patterns of four members of the T-box gene family in the diploid frog Xenopus tropicalis. These four genes-Tbx1, Tbx2, Tbx5, and Tbx20-have been shown to influence cardiac development in a variety of organisms, in addition to their individual roles in regulating other aspects of embryonic development. Our results highlight the high degree of evolutionary conservation between orthologs of these genes in X. tropicalis and other vertebrates, both at the molecular level and in their developmental expression patterns, and also identify novel features of their expression. Thus, X. tropicalis represents a potentially valuable vertebrate model in which to further investigate the functions of these genes through genetic approaches. Developmental
INTRODUCTION
DNA binding transcription factors encoded by several members of the T-box gene family have been shown to have both cell-autonomous and non-cellautonomous roles in controlling the development of the heart during embryogenesis (Plageman and Yutzey, 2005; Stennard and Harvey, 2005) . These roles appear to be conserved during evolution, and in some cases, their importance is highlighted by the association between mutations in these factors and the incidence of human congenital heart defects (Packham and Brook, 2003; Ryan and Chin, 2003; Mandel et al., 2005) . In addition, the same genes have been shown to be required for the proper development of other tissues and organs, such as the eye (Tbx5; Koshiba-Takeuchi et al., 2000) and ear (Tbx1; Piotrowski et al., 2003; Vitelli et al., 2003; Raft et al., 2004; Moraes et al., 2005) , while other T-box genes have key roles in regulating early embryonic patterning (Showell et al., 2004) .
Xenopus is a valuable model organism in which to investigate the molecular and genetic regulation of organogenesis in general and heart development in particular, and reverse genetic approaches recently have been developed to isolate mutant alleles in specific genes of interest in the diploid frog Xenopus (Silurana) tropicalis. In comparison with the zebrafish (Danio rerio), Xenopus cardiac morphology is more similar to that of humans, including septation of the atrium into left and right chambers (Hu et al., 2000; Mohun et al., 2000) . Also, the accessibility of the embryo throughout development and the high fecundity of the frog are significant advantages over the mouse, both in embryological analysis and in genetic screening.
The genes analyzed here-Tbx1, Tbx2, Tbx5, and Tbx20-are all known to play important roles in regulating normal cardiac development. TBX1 lies within a critical region of human chromosome 22 (22q11.2) that is deleted in patients with DiGeorge syndrome, and loss of Tbx1 function in the mouse mimics the severe morphological defects of the outflow tract of the heart that are seen in DiGeorge patients (Jerome and Pappaioannou, 2001; Lindsay et al., 2001) . Similarly, mutations in the human TBX5 gene are associated with Holt-Oram syndrome, affecting atrial and ventricular septation, the cardiac conduction system and the development of the upper limbs (Basson et al., 1997; Li et al., 1997) . Tbx5 has been shown to act in concert with Tbx20 at the molecular level to control cardiac morphogenesis (Brown et al., 2005) . Conversely, Tbx5 and Tbx2 appear to function within distinct domains of the developing heart, contributing to the patterning of the early heart tube and its subsequent morphological regionalization. Several recent studies have also demonstrated a requirement for Tbx20 function for proper regulation of Tbx2 expression within the developing heart (Cai et al., 2005; Singh et al., 2005; Stennard et al., 2005) . As a preliminary step in investigating the molecular basis of their developmental roles through genetic analysis in the emerging model organism Xenopus tropicalis, we have identified cDNA clones containing full-length coding sequences corresponding to these four T-box genes, determined the structure of their genomic loci in silico, and characterized their spatial expression patterns over a wide range of stages during embryogenesis. Our results demonstrate the high degree of sequence conservation of T-box gene orthologs in X. tropicalis and highlight both conserved and previously undescribed aspects of their embryonic expression.
RESULTS AND DISCUSSION

Sequence Analysis of Xenopus tropicalis T-Box Gene Orthologs
cDNA clones corresponding to Tbx1, Tbx2, and Tbx20 were identified by BLAST searches within a database of Xenopus tropicalis expressed sequence tags and a clone containing the translation initiation codon was obtained and sequenced for each gene. A cDNA encoding the X. tropicalis ortholog of Tbx5 was cloned by reverse transcriptase-polymerase chain reaction (RT-PCR) and sequenced. These cDNA sequences were used to search the X. tropicalis draft genome sequence (DoE Joint Genome Institute) for genomic scaffolds containing the corresponding loci. The cDNA sequences were then mapped onto the genomic locus sequences, and the exon/intron boundaries were identified based on consensus sequences for eukaryotic splice donor and acceptor sites (Mount, 1982) .
All four Xenopus tropicalis cDNA clones exhibit a very high degree of sequence identity when compared with their Xenopus laevis orthologs, particularly within their coding regions. The 1,389-nucleotide (nt) open reading frame within the 3,065-bp Tbx1 cDNA is 94% identical to that of Xenopus laevis Tbx1 (GenBank accession no. AF526274; 89% identity in untranslated regions). The degrees of identity and similarity between the conceptually translated Xenopus tropicalis Tbx1 coding sequence and several vertebrate orthologs are shown in Table 1 . The results of our analysis of the genomic Tbx1 locus are shown in Figure 1a .
The 3,510-bp Tbx2 cDNA identified here contains a 2,055-nt open reading frame with 94% identity to Xenopus laevis Tbx2 (GenBank accession no. AB032941; 86% identity in untranslated regions). Table 1 shows the degrees of identity and similarity between conceptually translated Xenopus tropicalis Tbx2 and vertebrate orthologs. Mapping of the Tbx2 cDNA sequence to the available genome sequence identified a 14,129-bp region containing the complete cDNA sequence divided among seven exons (Fig. 1b) .
Xenopus tropicalis Tbx5 is encoded by a 1,557-nt open reading frame. Alignment of this sequence with the Xenopus laevis Tbx5 cDNA (GenBank accession no. AF133036) identified 93% nucleotide sequence identity between the coding regions of the two orthologs. The Xenopus tropicalis Tbx5 cDNA encodes a product exhibiting a high degree of evolutionary conservation among vertebrate species (Table 1) . Results obtained from in silico analysis of the Tbx5 genomic locus are shown in Figure 1c .
The Tbx20 cDNA clone obtained consists of 2,117 bp, containing a 1,320-nt open reading frame with 93% sequence identity to that of Xenopus laevis Tbx20 (GenBank accession no. AY154394; 75% identity in untranslated regions). Table 1 shows the degree of sequence identity and similarity between conceptually translated Xenopus tropicalis Tbx20 and its orthologs in other vertebrates. The Tbx20 sequence was found to be divided among eight exons within a 19,354-bp region of a single genomic scaffold (Fig. 1d) .
Analysis of Tbx1 Expression During Embryogenesis
Tbx1 function is required for normal heart development in vertebrates. It is thought to act indirectly, influencing the differentiation of migrating cardiac neural crest cells by regulating the expression of one or more intercel- (Kochilas et al., 2005) . The cardiac neural crest cells contribute to the formation of the outflow tract of the heart and the development of this region is severely affected in DiGeorge patients and in mouse models of the syndrome. Initial analysis of the phenotype of a hypomorphic Tbx1 neo allele in the mouse suggests that the observed alignment and septation defects of the outflow tract are independent, thus underscoring the value of analyzing more subtle alleles in addition to single gene knockouts and larger deletions in vertebrate models (Xu et al., 2005) . To determine the spatial patterns of Tbx1 mRNA expression during the course of X. tropicalis embryogenesis, whole-mount in situ hybridization was performed. At the earliest stage analyzed, stage 10.5 (early gastrula), no expression of Tbx1 was detected. In early neurulae (stage 13), regionally restricted expression was clearly detected in a broad anterior domain surrounding the anterior end of the mediodorsal groove of the neural plate (Fig. 2a) . Within this broad ectodermal domain, two bilateral patches of strong Tbx1 expression were detected flanking the mediodorsal groove (Fig.  2a,c) . These patches marked the posterior boundary of the Tbx1 expression domain. In late neurulae (stage 19), strong expression was detected in the anterior ectoderm ( Fig. 2d-f ). This expression domain appeared to largely exclude the central nervous system, commonly defined by the expression of pan-neural markers such as the neural cell adhesion molecule (N-CAM; Eagleson et al., 1995) . Expression was not detected in the developing eye anlagen and cement gland and was only weakly detected in the region of the neural tube posterior to the eye anlagen. Instead, expression of Tbx1 was found to immediately abut these regions of the ectoderm. As at stage 13, two distinct bilateral regions of strong staining were observed within the Tbx1 expression domain at stage 19, extending as approximate dorsoventral stripes in the ectoderm on either side of the anterior central nervous system. It is unclear whether this Tbx1 expression domain corresponds to the location of the proposed primordium of the ectodermal (neurogenic) placodes (Schlosser and Northcutt, 2000; Schlosser and Ahrens, 2004) . At early tail bud stage (stage 25), Tbx1 was found to be expressed in three distinct areas within the pharyngeal region and in the ventral region of each otic vesicle (Fig. 2g,h ). At stage 33, expression within the otic vesicles extended further laterally (Fig. 2n) . However, in subsequent stages (stages 40, 47) expression remained restricted to the ventral and lateral regions of the vesicles. This finding differs from the pattern reported for X. laevis, in which Tbx1 appeared to be expressed throughout the vesicles (Ataliotis et al., 2005) .
Expression of Tbx1 orthologs in the pharyngeal region is broadly conserved among vertebrate species. Between stages 25 and 33, the elaboration of the expression pattern of Tbx1 in this region of the X. tropicalis embryo reflects the morphogenesis of the pharyngeal arches. In this region, the cells expressing Tbx1 lay beneath the Note that, as the size of the first exon of each gene is predicted based on the available cDNA sequence, the sizes of these exons may be underestimated here.
overlying epidermis. At stages 25 and 26, expression was detected in the mandibular and hyoid arches (Fig.  2g-i ) and in a third domain corresponding to the future branchial arches, posterior to the hyoid arch. At stage 27, at which the first branchial arch becomes fully formed, Tbx1 expression was detected in four distinct pharyngeal domains-the mandibular, hyoid, and first branchial arches and a more posterior branchial region (Fig. 2j,k) . By stage 33, expression was also detected in the second branchial arch (Fig. 2n) . At this stage, Tbx1 appears to mark distinct dorsal and ventral regions within the hyoid, first branchial, second branchial, and forming third branchial arches. In both a and b, the embryo is oriented with dorsal to the left and the dorsal blastopore lip is indicated by an arrowhead in a. d: A vegetal view of a late gastrula (st12) is shown, ventral side uppermost. e-r: Expression at early neurula (stage 13; e-g) late neurula (stage 19; h,l), and tail bud stages 21/22 (m), 25 (n), 26 (o,p), 29 (q), and 33 (r) are also shown. Expression in the forebrain (telencephalon) at tail bud stages is indicated by an asterisk (o-r). Except for anterior (j) and posterior (d,l) views, all embryos are oriented with anterior to the left. cg, cement gland; crg, cranial ganglia; drg, dorsal root ganglia; fn, frontonasal process; hm, hypaxial muscle; ht, heart tube; lp, lens placode; ov, otic vesicle; pa, placodal area; pd, pronephric duct; pr, proctodeum.
Analysis of Tbx2 Expression During Embryogenesis
In situ hybridization showed that, as in X. laevis (Hayata et al., 1999) , Tbx2 is expressed ventrally in X. tropicalis early gastrulae (stage 10.5; Fig. 3a,b) . However, in contrast to the reported expression in X. laevis, Tbx2 is expressed most strongly in the outer layer of ectodermal cells in X. tropicalis (Fig. 3c) . In dissected whole-mount embryos and in cryosectioned embryos (Fig. 3c) , very faint staining was observed in the underlying ventral mesoderm. At the late gastrula stage (stage 12), expression appeared to be up-regulated consistently in a small group of cells clustered around the ventral edge of the closing blastopore (Fig. 3d) . At the early neurula stage (stage 13), four regions of ectodermal expression were clearly detected. Strong staining was observed in the developing cement gland (Fig. 3e) and in a U-shaped domain around the proctodeum at the posterior of the embryo (Fig. 3g) . Two bilateral patches of expression were seen in the head, at the edge of the neural plate, in the region of the future neurogenic placodes caudal to the eye anlagen (Fig.  3f,g ). It is unclear whether this domain includes both the profundal-trigeminal placodal area and the dorsolateral placodes. In Xenopus, the dorsolateral placodes give rise to the lateral line placodes and the otic placodes at later stages (Schlosser and Northcutt, 2000) . Finally, a diffuse pattern of Tbx2-positive cells was seen in the ventral epidermis (Fig. 3h,j-l) . At stage 19 (late neurula), expression persists in the cement gland, the ventral epidermis, the proctodeal region, the lens placodes, and in a broad placodal area caudal to the eye anlagen ( Fig. 3h-l) . In addition, expression was detected in the dorsal root ganglia of the future spinal cord (Fig. 3i) . At stage 21/22, Tbx2 expression was seen in a wishbone-shaped group of cells situated dorsal and caudal to each developing optic vesicle (Fig. 3m) , corresponding to the cranial (profundal and trigeminal) ganglia. Expression was found to persist in these cells through tail bud and into early tadpole stages (Fig. 3n-r) . From stage 21/22 onward, the bilateral expression of Tbx2 in the ectodermal placodes became restricted primarily to the otic placode and the developing otic vesicles. Unlike Tbx1, Tbx2 was found to be expressed throughout the otic vesicles, and this expression was detected at all subsequent stages analyzed (stages 24 to 40). At stage 24, additional staining was observed in the precursors of the hypaxial muscles and the pronephric duct in the trunk, in the developing branchial arches, and in the primordium of the heart (Fig. 3o,p) . A small group of cells within the telencephalon is also stained at this stage (Fig.  3o-r) . In stage 29 embryos, expression was clearly detected in the frontonasal process (Fig. 3q) . Tbx2 continues to be expressed in the same regions of the embryo at stage 33, although its expression becomes clearly regionalized in the looping heart. A higher level of expression was clearly detected in the ventricle compared with the atrium, as reported in other organisms.
Analysis of Tbx5 Expression During Embryogenesis
The expression pattern of Tbx5 was analyzed at developmental stages from mid-gastrula (stage 11) to early tadpole (stage 40). No expression was detected at stage 11. In late neurulae (stage 19), a gradient of Tbx5 expression was present within the eye anlagen, with higher levels dorsally (Fig.  4a,b) . At this stage, two small patches of cells on either side of the embryo were also stained, corresponding to regions within the migrating bilateral heart primordia. At early tail bud stage (stage 25), this pattern of expression was maintained in a dorsal region of each developing eye (Fig. 4c ) and in the heart primordia, located ventrally (Fig. 4c,d) . In stage 26 embryos, the Tbx5-expressing cells of the heart primordia were seen to converge at the ventral midline (Fig. 4f) , while expression was also detected in two bilateral groups of cells continuous with and extending dorsally from the heart primordia. These cells likely correspond to the progenitors of the right and left branches of the sinus venosus and common cardinal veins (Nieuwkoop and Faber, 1967; Horb and Thomsen, 1999; Brown et al, 2005) . In other organisms, Tbx5 has been shown to play an important role in eye development, particularly in guiding the projection of neurons between the retina and tectum (Koshiba-Takeuchi et al., 2000) . In X. tropicalis, expression in the dorsal region of the eye was found to be maintained until early tadpole stages (stage 40), although its expression becomes greatly restricted between stages 33 and 40 (Fig. 4h,i) . At stage 31/32, strong expression was detected in the posterior region of the heart tube in cleared embryos (Fig.  4g) . After looping of the heart, a higher level of expression was detected in the ventricle (situated ventrally and offset to the left side of the embryo) than in the atrium (Fig. 4j) . The regional differences in the expression of Tbx5 within the hearts of X. tropicalis tadpoles were seen consistently in both whole-mount and sectioned embryos. Transverse sections through the heart at stages after heart looping showed expression of Tbx5 in the ventricular myocardium, while staining was not detected in the atrial region of the heart (Fig. 6b) .
Analysis of Tbx20 Expression During Embryogenesis
The expression pattern of X. tropicalis Tbx20 was analyzed in embryos between stages 13 (neural plate stage) and 40 (early tadpole). Although expressed weakly in the developing cement gland as early as stage 13 in X. laevis (Brown et al., 2003) , we did not detect expression at this stage in X. tropicalis. At late neurula stage (stage 20), Tbx20 was strongly expressed in the developing cement gland and in the bilateral heart primordia ( Fig. 5a-c) . Expression in the cement gland was found to decrease from stage 25 onward, while expression continued to be strongly detected in the developing heart. In the heart-forming region at stage 25, a single domain of expression was detected, corresponding to the heart field formed by fusion of the bilateral heart primordia (Fig. 5e ). This fusion of the Tbx20-expressing domains appears to occur earlier in X. tropicalis than in X. laevis. Notably, this pattern of expression differs considerably from that of Tbx5, in which fusion of the bilateral precardiac expression domains begins at around stage 26 (see above). In addition to this cardiac expression, two small do-mains of expression were observed in the hindbrain (rhombencephalon) at this stage, corresponding to the second and fourth rhombomeres. At stage 29/30, expression persisted in these regions and also was weakly detected in a more posterior region of the hindbrain (Fig. 5f) . The hindbrain expression of Tbx20 was found to be up-regulated in embryos at subsequent stages and, as in more anterior regions, was detected in distinct paired subdomains (Fig. 5g,h,j,k,m,n) . At stage 33, when heart looping is initiated, Tbx20 was found to be broadly expressed in the heart tube, with strong staining detected in the ventricle, atrium, and both branches of the sinus venosus (inflow tract) (Fig. 5g,i) . Thus, the expression domain of Tbx20 in the developing chambers of the heart tube only partially overlaps that of Tbx5. This finding is consistent with the patterns of Tbx20 expression reported in other vertebrates (Ahn et al., 2000; Kraus et al., 2001; Brown et al., 2003; Plageman and Yutzey, 2004 ; hb, hindbrain; hp, heart primordium; ht, heart tube; sv, sinus venosus; v, ventricle. Fig. 6 . Cardiac expression of Tbx2, Tbx5, and Tbx20. The in situ hybridization patterns of Tbx2, Tbx5, and Tbx20 in the forming cardiac chambers were examined in transverse sections through the tadpole heart after looping. a: Tbx2 expression was seen in the myocardium of both the atrial (am) and ventricular (vm) regions of the looped heart at stage 36. b: Expression of Tbx5 was restricted primarily to the developing ventricular myocardium at stage 38. c: In contrast to Tbx5, high levels of Tbx20 expression were seen in the atrial region but not in the ventricle (stage 40). Original magnification, ϫ100. Yamagishi et al., 2004) . During heart looping (stage 36), Tbx20 was expressed at a higher level in the atrium than in the ventricle (Fig. 5l ). This regional difference in the expression level of Tbx20 was maintained in early tadpole stage embryos (stage 40) and was clearly seen both in whole embryos and in transverse sections through the heart (Figs. 5o, 6c ).
EXPERIMENTAL PROCEDURES
Identification and Isolation of cDNA Clones
cDNA clones TNeu106g11, TGas050k23, and TTpA031n09, encoding X. tropicalis orthologs of Tbx1, Tbx2, and Tbx20, respectively, were identified by searching a database of X. tropicalis expressed sequence-tagged clones derived from oligo-dT primed cDNA libraries specific to several developmental stages (www.sanger.ac.uk; Gilchrist et al., 2004) . Specifically, nucleotide sequences from the 5Ј ends of the coding regions of the corresponding X. laevis orthologs (Tbx1 GenBank accession no. AF526274; Tbx2 GenBank accession no. AB023815; Tbx20 GenBank accession no. AY154394) were used to BLAST search (Altschul et al., 1990) for X. tropicalis clones containing the predicted translation start codon and, therefore, were likely to contain full-length cDNAs. The clones were obtained (MRC Geneservice), and the cDNA inserts were sequenced to 4ϫ coverage. A cDNA encoding Tbx5 was cloned by lowstringency RT-PCR, using total RNA template from stage 13-20 X. tropicalis embryos. Primers were designed based on sequences flanking the X. laevis Tbx5 coding sequence (forward, 5Ј-GAAGATCTATGGCGGACACAG-AGGAGGCT-3Ј; reverse, 5Ј-GAGAG-ATCTACGCTGTTTTCATTCCAGT-CTGG-3Ј). The resulting product was cloned into pcDNA3.1 (Invitrogen Corp.). All cDNA sequences were deposited in GenBank (Tbx1 accession no. DQ124205; Tbx2 accession no. DQ124206; Tbx5 accession no. DQ124207; Tbx20 accession no. DQ124208).
In Silico Analysis
To identify genomic sequence scaffolds corresponding to Tbx1, Tbx2, Tbx5, and Tbx20, the corresponding cDNA sequences were used to search the X. tropicalis draft genome sequence (versions 2.0 and 3.0) using the BLAST algorithm (Altschul et al., 1990 ; DoE Joint Genome Institute). Pairwise sequence alignments and analyses of sequence conservation of conceptually translated proteins were performed using GeneDoc (www.psc. edu/biomed/genedoc).
Embryo Collection and In Situ Hybridization
X. tropicalis embryos were collected after natural single-pair mating between animals from a partially inbred (F6) line (NASCO). Males and females were preprimed with 10 U of human chorionic gonadotropin (hCG; SIGMA) 20 hr before being primed with an additional 200 U. One hour after priming, males and females were paired and allowed to mate for approximately 5 hr in shallow water at 25°C. Embryos and unfertilized eggs from successful matings were collected, treated with 2% cysteine hydrochloride to remove their jelly coat, and sorted. Embryos were cultured at 25°C in sterilized water from our aquatic system and staged according to criteria set out in the Normal Table of Xenopus laevis (Nieuwkoop and Faber, 1967) .
A 908-bp KpnI-XhoI fragment of the Tbx1 EST clone was subcloned into pBluescript-KS, and this construct was linearized with Acc65I to generate a template for in situ hybridization probe synthesis. Template for Tbx2 probe synthesis was produced by linearizing the full-length cDNA clone described above using HindIII. The Tbx5 cDNA was cut from pcDNA3.1-Tbx5 by NotI-SpeI digest and subcloned into pBluescript-KS to generate a probe template construct that was subsequently linearized with NotI. To generate a template for Tbx20 probe synthesis, a 565-bp SalINotI fragment from the Tbx20 EST clone was subcloned into pBluescript-KS, and the construct was linearized using SalI. In situ hybridizations were performed according to a standard protocol (Sive, 2000) with the following exceptions: Fixed embryos were devitellinized by enzymatic treatment with collagenase A (Roche Applied Science), proteinase K, and hyaluronidase (SIGMA) (Islam, 1996) . No further proteinase K treatment was performed. Embryos were prehybridized overnight (approximately 15 hr), and the RNase treatment step before antibody incubation was omitted (Khokha et al., 2002) . After staining with BM Purple alkaline phosphatase substrate (Roche Diagnostics), embryos were re-fixed in 1ϫ MEM salts containing 10% formamide and then dehydrated in methanol.
Where necessary, embryos were cleared in 2:1 benzyl benzoate:benzyl alcohol (SIGMA). Embryos were photographed on a Leica M-series stereomicroscope (Leica Microsystems Ltd.) using the Spot Advanced image capture system (Diagnostic Instruments, Inc.) and edited using Photoshop 7.0 (Adobe Systems, Inc.).
Cryosectioning
For cryosectioning, embryos were embedded in gelatin using a method modified from Stern and Holland (Stern and Holland, 1993) . After in situ hybridization, embryos were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) and incubated overnight at 4°C in 30% sucrose/PBS (w/v). The embryos were then prewarmed to 38°C before being transferred to 15% sucrose/PBS containing 7.5% gelatin (ϳ300 Bloom; SIGMA) at 38°C. Embryos were incubated in gelatin for a minimum of 30 min before being transferred to specimen molds (Tissue-Tek; Sakura Finetek USA, Inc.). Embedded embryos were stored at 4°C before cryosectioning. Sections were taken at a thickness of 20 m. Gelatin was rinsed from the sections using PBS at 38°C before mounting in aqueous mounting medium (Faramount; DakoCytomation).
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